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EXPERIMENTAL INVESTIGATION OF THE MOMENTUM TRANSFER 

ASSOCIATED WITH IMPACT INTO THIN ALUMINUM TARGETS 

By C .  Robert Nysmith and B .  P a t  Denardo 

Ames Research Center 

SUMMARY 

Aluminum spheres  of  3.2-mm diameter  were f i r e d  i n t o  t h i n  2024-T3 
aluminum t a r g e t s  a t  v e l o c i t i e s  t o  8 . 1  km/sec, and t h e  a x i a l  components o f  t h e  
e j e c t a  and t a r g e t  momenta were measured. 

I t  was observed t h a t  t h e  momentum t r a n s f e r  a s s o c i a t e d  wi th  impacts i n t o  
t h i n  t a r g e t s  can be c l a s s i f i e d  i n t o  f o u r  d i f f e r e n t  impact phases;  t h e s e  phases 
r e f l e c t  d i f f e r i n g  phys ica l  processes  i n  t h e  t a r g e t s ,  and a r e  determined by 
t h e  impact v e l o c i t y  and t h e  t a r g e t  t h i c k n e s s .  The phys ica l  p rocesses  a re  
desc r ibed  and t h e  momentum d a t a  w i t h i n  each impact phase a r e  c o r r e l a t e d ,  
Measurements of  t a r g e t  mass loss, minimum h o l e  diameter ,  and th re sho ld ­
s p a l l a t i o n  v e l o c i t y  were also obtained and a r e  r e p o r t e d .  

INTRODUCTION 

The use of meteor bumpers on s p a c e c r a f t  t o  minimize t h e  damage from t h e  
impact of  meteor ic  d e b r i s  was f i r s t  proposed i n  1947 by Whipple ( r e f .  l ) ,  who 
suggested t h a t  p a r t  o f  t h e  meteoroid and bumper m a t e r i a l  would be vaporized 
and fragmented upon impact and t h e  k i n e t i c  energy of  t h e  metcoroid d iv ided  
among t h e  broken meteoroid and bumper fragments.  The s t r u c t u r e  behind t h e  
bumper would then be more r e s i s t a n t  t o  p e n e t r a t i o n  by t h e  s m a l l e r ,  lower-
energy ind iv idua l  p a r t i c l e s  sprayed over  a l a rge  a r e a .  This hypothesis  has  
been v e r i f i e d  by experimental  impact t e s t s  of  meteor bumpers ( r e f s .  2 ,  3 ,  and 
4) * 

Despite much a d d i t i o n a l  s tudy ,  however, bumper performance is not  
fundamentally we l l  understood, and an optimum (minimum weight) des ign  cannot 
be de f ined  f o r  even t h e  s i m p l e s t  bumper-hull s t r u c t u r e  (double w a l l ) .  The 
problem is f u r t h e r  complicated when o t h e r  s t r u c t u r a l  and environmental  
requirements d i c t a t e  t h e  use of  more complex s t r u c t u r e s .  Laboratory impact 
t e s t s  of  t h e s e  s o p h i s t i c a t e d  s t r u c t u r e s  g i v e  r e s u l t s  t h a t  can b e  used f o r  a 
q u a l i t a t i v e  eva lua t ion  of  a p a r t i c u l a r  s t r u c t u r e  w i t h i n  t h e  experimental  
range of  v e l o c i t i e s  b u t  provide no information f o r  improved d e s i g n s .  A t  t h e  
p r e s e n t  t ime,  t h e r e  i s  no proven des ign  method f o r  a given meteoroid environ­
ment; a g r e a t  d e a l  o f  i-nformation on bumper and s t r u c t u r a l  component p e r f o r ­
mance is  needed b e f o r e  t h e  r e s u l t s  can be e x t r a p o l a t e d  t o  t h e  meteoroid 
environment. 



Since  meteor bumper e f f e c t i v e n e s s  is' determined by t h e  damage t o  t h e  
s t r u c t u r e  behind t h e  bumper, i n v e s t i g a t i o n s  o f  t h e  phys ica l  p r o p e r t i e s  (momen­
tum, p a r t i c l e  s i z e ,  p a r t i c l e  s t a t e ,  and p a r t i c l e  d i s t r i b u t i o n )  of  t h e  
m a t e r i a l  emanating from t h e  r e a r  o f  t h e  bumper can be  used t o  eva lua te  bumper 
performance. I n  a d d i t i o n ,  once t h e  p r o p e r t i e s  o f  t h e  bumper sp ray  m a t e r i a l  
are known, t h e  t e s t s  can be  extended t o  an i n v e s t i g a t i o n  of  i n d i v i d u a l  s t r u c ­
t u r a l  components so t h a t ,  even tua l ly ,  an optimum bumper-hull s t r u c t u r e  can b e  
designed on t h e  b a s i s  o f  t h e  known performance o f  each s t r u c t u r a l  component. 

I n  t h i s  r ega rd ,  a number of  i n v e s t i g a t o r s  a r e  concerned wi th  determining 
t h e  momentum o f  t h e  bumper sp ray  m a t e r i a l  as a func t ion  o f  t h e  varying impact 
cond i t ions .  Some o f  t h e s e  r e s u l t s  a r e  given i n  r e fe rences  5 ,  6 ,  and 7 .  A 
s i m i l a r  program of  r e sea rch  d i r e c t e d  toward determining t h e  momentum imparted 
by a p r o j e c t i l e  t o  t h e  va r ious  components o f  a s p a c e c r a f t  s t r u c t u r e  is  be ing  
conducted a t  Ames Research Center .  The p resen t  r e p o r t  provides  d a t a  d e f i n i n g  
t h e  momentum imparted t o  a bumper and t h e  r e s u l t i n g  impulse t h a t  must be  
absorbed by t h e  s t r u c t u r e  behind t h e  bumper. The primary t e s t  v a r i a b l e s  a r e  
t h e  p r o j e c t i l e  v e l o c i t y  and t h e  bumper t h i c k n e s s .  Other  r e l a t e d  d a t a  a r e  pre­
sen ted ,  such as bumper mass l o s s ,  bumper ho le  d iameter ,  and t h e  bumper 
t h r e s h o l d - s p a l l a t i o n  v e l o c i t y .  

SYMBOLS 


c , c 1  ,c2 p r o p o r t i o n a l i t y  parameters  i n  e j ec t a  momentum equat ion  (9) 


D average minimum ho le  d iameter ,  mm 


d diameter  of  p r o j e c t i l e ,  mm 


k c o r r e l a t i n g  f a c t o r  i n  sp ray  momentum equat ion 


AM t a r g e t  mass loss, g 


m mass of  p r o j e c t i l e ,  g 


(MV) E momentum o f  t a r g e t  e jecta ,  kg-m/sec 

(Ws momentum o f  t a r g e t  spray ,  kg-m/sec 

(MT)T momentum o f  t a r g e t ,  kg-m/sec 

t th i ckness  of  t a r g e t ,  mm 

V impact v e l o c i t y ,  km/sec 

v e l o c i t y  a t  which t h e  onse t  of  mass e j e c t i o n  occurs ,  km/sec
v O  

vz  

2 

f r o n t - s u r f a c e  s p a l l a t i o n  v e l o c i t y ,  km/sec 



vS 
apparent t h r e s h o l d  s p a l l a t i o n  v e l o c i t y ,  km/sec 

V s ( a c t u a l )  a c t u a l  t h r e s h o l d  s p a l l a t i o n  v e l o c i t y ,  km/sec 

E t a r g e t  duct  i1it y  . e longat i o n ,  cm/ cm 

P P  p r o j e c t i l e  d e n s i t y ,  g / cc  

PT t a r g e t  d e n s i t y ,  g / cc  

EXPERIMENTAL PROCEDURE 


T e s t s  were conducted by launching small p r o j e c t i l e s  from t h e  l i g h t - g a s  
gun of t he  Ames Research Center Impact Range i n t o  v a r i o u s  bumper t a r g e t s  a t  
v e l o c i t i e s  t o  8 .1  km/sec. The range conf igu ra t ion  is i l l u s t r a t e d  i n  f i g u r e  1, 
and t h e  gun i s  desc r ibed  i n  d e t a i l  i n  r e fe rence  8. 

BLAST TANK The p r o j e c t i l e s  were 3.2-mm­
diameter 2017-T4 aluminum spheres  
with a nominal mass of 0 , 0 4 6  g .  They 
were c a r r i e d  down t h e  bore of t h e  gun 
b a r r e l  i n  s a b o t s  t h a t  p r o t e c t e d  them 
from t h e  p r o p e l l a n t  g a s e s .  A f t e r  
launch , t h e  sabo t s  s e p a r a t e d  aero­
dynamically and were d e f l e c t e d  i n  t h e  
b l a s t - t a n k  p o r t i o n  o f  t h e  range t o  
prevent  them from impacting m e  t a r ­
g e t s ,  The p r e s s u r e  i n  t h e  range va r ­
i e d  from t e s t  t o  t e s t  between 35 t o  
180 mm Hg o f  n i t r o g e n  depending onFAST CLOSING 

ORTHOGONAL 
SPARK SHADOWGRAPH 

Figure 1.- Range configuration. The spheres  passed through a 3.5­

t h e  launch cond i t ions  and t h e  impact 
v e l o c i t y  r e q u i r e d .  

m-long f l i g h t  chamber instrumented 
with s i x  spark shadowgraph s t a t i o n s ,  each r e p r e s e n t i n g  two or thogonal  views of 
t h e  p r o j e c t i l e  i n  f l i g h t .  Two of t h e  s t a t i o n s  were equipped wi th  Ker r - ce l l  
s h u t t e r s  with exposure t imes of about 5 nsec so t h a t  t h e  s t r u c t u r a l  i n t e g r i t y  
of t h e  model could be a c c u r a t e l y  determined. I n t e r v a l s  of t ime were recorded 
on 10- and 100-mc counter  chronographs, and t h e  measurements of t ime and 
d i s t a n c e  permit ted t h e  determinat ion of p r o j e c t i l e  v e l o c i t y  t o  an accuracy 
of 0.5 p e r c e n t .  

From t h e  f l i g h t  chamber, t h e  p r o j e c t i l e s  en te red  t h e  instrumented 
impact chamber through a valved p o r t .  The va lve ,  a c t u a t e d  by a s i g n a l  from 
one of t h e  uprange shadowgraph s t a t i o n s ,  c losed w i t h i n  0.5 msec a f t e r  pass­
age of  t h e  p r o j e c t i l e ,  thereby p r o t e c t i n g  t h e  t a r g e t  from t h e  gun b l a s t  and 
o t h e r  d i s tu rbances .  Tare t e s t s  with t h e  va lve  i n d i c a t e d  t h a t  n e i t h e r  t h e  
valve movement nor  gun b l a s t  i n f luenced  t h e  impact t e s t s .  I n  a d d i t i o n ,  
i n spec t ion  of a l l  t a r g e t s  and tes t  equipment a f t e r  each t e s t  i n  t h i s  
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i n v e s t i g a t i o n  showed no evidence of  extraneous damage, and i,t was concluded 
t h a t  t h e  f a s t - c l o s i n g  va lve  e f f e c t i v e l y  i s o l a t e d  t h e  t a r g e t  s e t u p  from even t s  
i n  t h e  r e s t  of t h e  range.  

The t a r g e t s  were s i n g l e  150-mm squa re  s h e e t s  of 2024-T3 aluminum 
ranging i n  th i ckness  from 1.00 mm t o  12.5 mm. They were r i g i d l y  mounted t o  
t h e  t a r g e t  pendulum o f  t h e  m u l t i p l e  b a l l i s t i c  pendulum system shown i n  
f i g u r e  2 .  A second pendulum was arranged t o  catch t h e  e j e c t a  m a t e r i a l  
thrown uprange from t h e  impact.  The pendulums were mounted w i t h i n  one 
another  b u t  were independently suspended us ing  c l a s s i c a l  f i ve -wi re  suspension 
systems and could swing without  i n t e r f e r e n c e .  Thus, t h e  e jecta  pendulum 
measured t h e  a x i a l  momentum imparted by t h e  m a t e r i a l  thrown uprange from t h e  
t a r g e t  f a c e  i n  t h e  form of t a r g e t  e j e c t a ,  and t h e  t a r g e t  pendulum measured 
t h e  ax ia l  momentum experienced by the  bumper. Since the  momenta t o  be mea­
su red ,  i n  many cases, were q u i t e  small, t h e  pendulums were made of  aluminum 
channel s o  t h a t  t hey  would b e  as l i g h t  as p o s s i b l e  and s t i l l  be s t r u c t u r a l l y  
r i g i d .  Each pendulum was weighed a c c u r a t e l y  and i t s  p e r i o d  determined b e f o r e  
each t e s t .  During each t e s t  an open- shu t t e r  camera recorded t h e  motion of  a 
s t eady  l i g h t  a t t a c h e d  t o  each pendulum. Pendulum v e l o c i t y ,  and hence momen­
tum, was determined by t h e  method o u t l i n e d  i n  r e f e r e n c e  9 .  An a n a l y s i s  o f  
a l l  t h e  parameters involved i n  t h e  computation o f  pendulum momentum i n d i c a t e s  
t h a t  momenta were determined t o  wi th in  an accuracy of 1 p e r c e n t ,  

Open-Shutter Camera 2__ 

Figure  2.- b l u l t i p l e  b a l l i s t i c  pendulum system. 
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The s e l e c t i o n  o f  t h e  m a t e r i a l  t o  b e  used on t h e  e j e c t a  pendulum t o  ca t ch  
t h e  e j e c t a  was very c r i t i c a l :  I f  t h i s  m a t e r i a l  tended t o  s p l a s h  material 
back when t h e  e j e c t a  s t r u c k  i t ,  t h e  secondary backsplash a f f e c t e d  t h e  t a r g e t  
pendulum and made t h e  r e s u l t s  o f  bo th  measurements u n r e l i a b l e .  A f t e r  a 
s h o r t  i n v e s t i g a t i o n  o f  t h e  c r a t e r i n g  c h a r a c t e r i s t i c s  of a number of m a t e r i a l s ,  
h igh -dens i ty  polyethylene was s e l e c t e d  as a c a t c h e r  m a t e r i a l  because of i t s  
a b i l i t y  t o  resist  s p l a s h i n g .  

Two 12.5-nun-thick s l a b s  of  po lye thy lene  were a t t a c h e d  t o  t h e  f r o n t  and 
r e a r  o f  t h e  e j e c t a  pendulum, as shown i n  f i g u r e  2 .  A 25.5-mm diameter  h o l e ,  
cen te red  on b o r e l i n e ,  was d r i l l e d  through each po lye thy lene  s l a b  s o  t h a t  t h e  
p r o j e c t i l e  could p a s s  through t h e  e j e c t a  pendulum and s t r i k e  t h e  t a r g e t .  
The polyethylene s l a b  n e a r e s t  t h e  t a r g e t  s e rved  as t h e  e j e c t a  c a t c h e r ,  and 
t h e  polyethylene on t h e  f r o n t  o f  t h e  e j e c t a  pendulum se rved  a dua l  purpose as 
a counterweight and as a backup t o  catch any e j e c t a  t h a t  passed through t h e  
h o l e  i n  t h e  polyethylene on t h e  r e a r  of t h e  pendulum. S ince  t h e  t a r g e t s  i n  
t h i s  i n v e s t i g a t i o n  were g e n e r a l l y  t h i n  and were p e r f o r a t e d  by impact,  mate­
r i a l  was e j e c t e d  a t  r e l a t i v e l y  low angles  t o  t h e  t a r g e t  s u r f a c e .  To ca t ch  
a l l  of t h e  t a r g e t  e j e c t a ,  i t  was necessary t o  p o s i t i o n  t h e  rearmost poly­
e thy lene  s l a b  as c l o s e  t o  t h e  t a r g e t  as p o s s i b l e  wh i l e  maintaining enough 
c l ea rance  s o  t h a t  s u f f i c i e n t  pendulum motions could b e  ob ta ined  f o r  a c c u r a t e  
momentum measurements. This  s e p a r a t i o n  d i s t a n c e  was approximately 76 mm. I n  
a d d i t i o n ,  t h in -wa l l ed  metal  extensions were a t t a c h e d  t o  t h e  r e a r  of t h e  
e j e c t a  pendulum t h a t  p r o j e c t e d  downrange and e s s e n t i a l l y  surrounded t h e  
t a r g e t .  These ex tens ions ,  shown i n  f i g u r e  2 ,  ensured t h a t  any a x i a l  momen­
tum c o n t r i b u t i o n  from e j e c t a  leaving almost p a r a l l e l  t o  t h e  t a r g e t  f a c e  would 
not  be l o s t .  In spec t ion  of t h e  polyethylene s l a b  a f t e r  each t e s t  showed a 
we l l -de f ined  e j e c t a  damage p a t t e r n  t h a t  c l e a r l y  i n d i c a t e d  whether any e j e c t a  
passed through t h e  h o l e  i n  t h e  po lye thy lene .  

A number of t e s t s  were a l s o  conducted i n  which a t h i r d  pendulum was 
used t o  catch t h e  spray m a t e r i a l  and measure i t s  a x i a l  momentum. However, 
r e g a r d l e s s  of t h e  design of  t h e  sp ray  c a t c h e r  and t h e  m a t e r i a l  used t o  catch 
t h e  s p r a y ,  t h e  sp ray  m a t e r i a l  was always s o  e n e r g e t i c  t h a t  backsplash 
occurred and r e l i a b l e  momenta measurements could no t  be ob ta ined .  Therefore ,  
a t tempts  t o  experimental ly  measure t h e  momentum o f  t h e  sp ray  m a t e r i a l  were 
abandoned. 

DISCUSSION OF RESULTS 

General Remarks on Momentum T r a n s f e r  i n  Thin Ta rge t s  

When a p r o j e c t i l e  impacts a t a r g e t ,  t h e  p r o j e c t i l e  momentum must b e  
conserved i n  t h e  t a r g e t  e j e c t a ,  t a r g e t  s p r a y ,  and t a r g e t  motion. These 
q u a n t i t i e s  are r e l a t e d  through t h e  conservation-of-momentum equa t ion  

5 




1111 I 

where t h e  p r o j e c t i l e ,  t a r g e t ,  and sp ray  momenta are p o s i t i v e  measured down­
range and t h e  e j e c t a  momentum i s  p o s i t i v e  measured uprange. Three o f  t h e s e  
terms (mv, (MV)T, and (MV)E) were measured i n  t h e  p r e s e n t  experiments making 
it p o s s i b l e  t o  c a l c u l a t e  t h e  f o u r t h ,  (MV)s. 

I 
Division o f  ax ia l  momentum 

I 
I depends on t h e  phys ica l  processes  

i n  t h e  t a r g e t  during impact.  A gen-
I e r a l i z e d  r e p r e s e n t a t i o n  of t h e  d i v i -

Phase I I Phase II 
s i o n  o f  momentum f o r  a t y p i c a l  t / d  

VS<V<Vl 
i s  shown i n  f i g u r e  3 ,  where t h e  va r -

I i o u s  momentum componentso < v < v s  

I 
I 
I 
I 
I 
I 

I 

I 
i 

are 
p l o t t e d  ve r sus  impact v e l o c i t y .  
This  r e p r e s e n t a t i o n  has  f o u r  impact 
v e l o c i t y  phases , desc r ibed  below. 
Note t h a t  t h e  a c t u a l  r e s u l t s  o f  
t e s t s  f o r  a p a r t i c u l a r  t / d  may 
f a l l  i n t o  a more l i m i t e d  number of  
phases because o f  t h e  v e l o c i t y  l i m i ­
t a t i o n s  o f  t h e  t e s t  f a c i l i t y .  Thus, 
d a t a  w i t h i n  a l l  f o u r  t a r g e t  r eac ­
t i o n  phases were obtained by t e s t ­
i n g  a t  a number o f  t / d  over  as 
l a r g e  a v e l o c i t y  range as p o s s i b l e .  

Phase I .- Within t h e  Phase I 
r eg ion ,  t h e  t a r g e t  has  not  been pe r ­
f o r a t e d  o r  s p a l l e d ,  (MV)s = 0 ,  and 
equat ion (1) reduces t o  

v1 
Impact velocity. v 

Figure 3.- Representation of the division of Thus, t h e  momentum o f  t h e  t a r g e t  i s  
momentum for a typical t/d ratio. simply t h e  sum o f  t h e  p r o j e c t i l e  

momentum and t h e  e j e c t a  momentum. Momentum d a t a  f o r  s e m i - i n f i n i t e l y  t h i c k  
t a r g e t s  such as t h a t  p re sen ted  and d i scussed  i n  r e f e r e n c e s  9 and 10 a r e  
de f ined  by t h i s  phase.  Fo r  t h i n - t a r g e t  i n v e s t i g a t i o n s ,  as t h e  t a r g e t s  
approach t h e  t h i c k - t a r g e t  l i m i t ,  t h e  momentum r e s u l t s  should move toward agree­
ment with t h e  pub l i shed  t h i c k - t a r g e t  d a t a .  

Phase 11.- A t  t h e  t h r e s h o l d  s p a l l a t i o n  v e l o c i t y ,  vs,  m a t e r i a l  i s  s p a l l e d  
from t h e  rear  o f  t h e  t a r g e t  and t h e  sp ray  momentum i n c r e a s e s  from zero.  The 
t a r g e t  momentum accordingly begins  t o  dec rease .  For  c e r t a i n  t / d ,  as t h e  
impact v e l o c i t y  i n c r e a s e s  from vs,  t h e  t a r g e t  momentum a c t u a l l y  becomes neg­
a t i v e  as shown i n  f i g u r e  3 .  This  imp l i e s  t h a t ,  under c e r t a i n  cond i t ions ,  t h e  
impulsive load on t h e  meteor bumper o f  a space v e h i c l e  w i l l  be  d i r e c t e d  away 
from t h e  v e h i c l e  h u l l  r a t h e r  than toward i t .  

Phase 111.- A s  t h e  impact v e l o c i t y  i n c r e a s e s  throughout t h e  Phase I1 
impact r eg ion ,  a l l  t h e  components o f  momentum vary i n  a smooth and s y s t e m a t i c  
f a sh ion .  Then a t r a n s i t i o n  v e l o c i t y  vz i s  a t t a i n e d ,  a t  which t a r g e t  mate­
r i a l  i s  s p a l l e d  from t h e  t a r g e t ' s  f r o n t  s u r f a c e  causing an i n c r e a s e  i n  both 
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OI 

t h e  e j e c t a  and t a r g e t  momentum. This  phenomenon i s  n o t  r e l a t e d  t o  t h e  c r a t e r  
l i p  detachment process  desc r ibed  by Denardo ( r e f .  1 1 ) ;  i t  appears i n s t e a d  t o  
b e  a t h i n - t a r g e t  f r o n t - s u r f a c e - s p a l l a t i o n  process  caused by i n t e r a c t i o n s  of 
t h e  r e f l e c t e d  shock waves w i t h i n  t h e  t a r g e t  m a t e r i a l .  The shaded r eg ion  i n  
f i g u r e  3 i n d i c a t e s  t h a t  t h i s  s p a l l a t i o n  process  does n o t  always occur a t  
p r e c i s e l y  vz and i s  n o t  always complete. I n  p r a c t i c e ,  f o r  a given t / d ,  
t h e r e  i s  a small v e l o c i t y  range (which has  n o t  been determined) i n  which 
f r o n t - s u r f a c e  s p a l l a t i o n  i s  q u i t e  random. This  s p a l l a t i o n  phenomenon r ep re ­
s e n t s  t h e  impact v e l o c i t y  range w i t h i n  which a given t a r g e t  becomes essen­
t i a l l y  t h i n  i n  t h a t  i t s  f r o n t  and rear s u r f a c e s  af ter  impact are  v i r t u a l l y  
i d e n t i c a l  i n  appearance.  As t h e  impact v e l o c i t y  i n c r e a s e s  above vz ,  t h e  
t a r g e t  momentum g radua l ly  approaches zero.  

Phase 1 V . - Within t h e  Phase I V  r eg ion ,  t h e  t a r g e t  momentum i s  zero and 
equa t ion  (1) reduces t o  

.9 
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This impact r eg ion  i s  r ep resen ted  by 
very t h i n  t a r g e t s  impacted a t  t h e  
v e l o c i t i e s  of t h e s e  t e s t s  o r  t h i c k e r  
t a r g e t s  impacted a t  much h i g h e r  
v e l o c i t i e s .  

C o r r e l a t i o n  of Momentum Data 

I n  t h e  fol lowing d i s c u s s i o n ,  t h e  
va r ious  components of  momentum a r e  
expressed as func t ions  of v e l o c i t y  and 
t / d .  These r e l a t i o n s  do no t  i nc lude  
any e f f e c t s  of p r o j e c t i l e  s i z e  s i n c e  a 
cons t an t  diameter  p r o j e c t i l e  was used 
throughout t h i s  t e s t  s e r i e s .  The pro­
j e c t i l e  diameter  i s  used throughout 
t h i s  paper  as a no rma l i za t ion  f a c t o r  
f o r  t h e  t a r g e t  t h i c k n e s s ,  and t h e  
r e s u l t s  given h e r e  do no t  imply t h e  
absence of a s c a l e  e f f e c t  such as t h a t  
observed i n  r e f e r e n c e  11. The e x t e n t  
o f  t h e  s c a l e  e f f e c t  has  y e t  t o  b e  
determined. 

Spray momentum.- I n  f i g u r e  4 t h e  
-. .. __~~ 

sp ray  momentum, c a l c u l a t e d  from t h e  
measurements by u s e  o f  equa t ion  (1), 
i s  p l o t t e d  ve r sus  t h e  impact v e l o c i t y  
f o r  t h e  va r ious  t / d .  The d a t a  are 
f i t t e d  by equa t ions  of t h e  form 

(MV)s = mk(v - vs) (4) 



where both k ,  t h e  s l o p e  o f  a p a r t i c u l a r  cu rve ,  and vs, t h e  i n t e r c e p t  of t h e  
curve wi th  t h e  v e l o c i t y  a x i s ,  are func t ions  of t / d .  

For each t / d  g r e a t e r  t han  0.498, 
l e a s t - s q u a r e s  values  f o r  k and vs 
are p l o t t e d  ve r sus  t / d  i n  f i g u r e s  5 
and 6 ,  r e s p e c t i v e l y .  I n  t h e  l i m i t  of  
very t h i n  t a r g e t s ,  k must go t o  1.O 
and vs must go t o  zero s o  t h a t  
( M V ) s  = mv (spray momentum equa l s  pro­
j e c t i l e  momentum). 

I I 
2.0
I L I J I n  f i g u r e  6 ,  t h e  t h r e s h o l d  

1.0 1.5 2.5 3.0 
l l d  

3.5 v e l o c i t y  curve,  as determined from t h e  
Figure 5.- Variation of k with t/d. 	 i n t e r c e p t s  o f  t h e  l i n e a r  sp ray  momen­

tum curves with t h e  v e l o c i t y  a x i s  i n  
f i g u r e  4, i s  given by t h e  equa t ion  

vS = 2 . 0 8 ( t / d ) ' ~ ~ ~  (5) 

5 - 	 However, as explained i n  t h e  next  s ec ­
t i o n ,  t h e  momentum measurements o f  t a r ­

t a - g e t s  a t  v e l o c i t i e s  n e a r  t h e  t h r e s h o l d  
s p a l l a t i o n  v e l o c i t y  i n d i c a t e  t h a t  a 
small v e l o c i t y  range i s  r e q u i r e d  f o r  
t h e  sp ray  momentum curves t o  become 

0 i ipporenl ,  f rom ,,pure 4 l i n e a r .  Consequently, t h e  a c t u a l  
0 L C I U O I ,  mCO*"red t h r e s h o l d  s p a l l a t i o n  v e l o c i t i e s  are 

always somewhat l e s s  t han  those  given 
0 5 1.0 1.5 	 2.0 2 . 5  3!o 4!o by equa t ion  ( 5 ) .  

$ / d  

Figure 6.- Variation o f  the spallation velocity Actual t h r e s h o l d  s p a l l a t i o n~ 

with t/d. v e l o c i t y . - A s h o r t  t e s t  s e r i e s  was con­
ducted t o  determine t h e  a c t u a l  t h r e s ­

hold s p a l l a t i o n  v e l o c i t i e s  f o r  t h r e e  t a r g e t  t h i c k n e s s e s .  The t a r g e t s  were 
t e s t e d  a t  v e l o c i t i e s  both g r e a t e r  than and less than  t h e  th re sho ld  cond i t ion ,  
and t h e  t h r e s h o l d  s p a l l a t i o n  v e l o c i t y  was determined w i t h i n  k0.06 km/sec f o r  
each t a r g e t  t h i c k n e s s .  These d a t a  are p r e s e n t e d  i n  f i g u r e  6 and a r e  f i t  by 
t h e  equat ion 

V s ( a c t u a l )  = 1.80 ( t / d )  7 / 8  

Equations (5) and (6) are l i m i t e d  t o  t h e  impact o f  2024-T3 aluminum 
t a r g e t s  by 3.2-mm-diameter aluminum s p h e r e s .  These equat ions may b e  app l i ca ­
b l e  t o  o t h e r  p r o j e c t i l e  s izes  and m a t e r i a l s  and o t h e r  " b r i t t l e "  t a r g e t  mate­
r i a l s  i f  they are a d j u s t e d  on t h e  b a s i s  of t h e  r e s u l t s  of r e fe rences  11 and 
1 2 .  With a p p r o p r i a t e  adjustments t o  equa t ion  ( 6 ) ,  t h e  a c t u a l  t h r e s h o l d  
s p a l l a t i o n  th i ckness  f o r  o t h e r  sizes and b r i t t l e  t a r g e t  m a t e r i a l s  i s  
p r e d i c t e d  t o  b e  

t / d  = 0 . 4 4 ( 1 / ~ )' / I 8  (pp /pT)  1 / 2 ~ 8 / 7 d 1 / 1 8  ( 7 )  
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I n  c o n t r a s t ,  F i sh  ( r e f .  12) has shown t h a t  a d u c t i l e  t a r g e t  s p a l l s  and 
i s  p e r f o r a t e d  a t  about t h e  same v e l o c i t y .  The t h r e s h o l d  s p a l l a t i o n  th i ckness  
f o r  d u c t i l e  t a r g e t s  i s  given by t h e  Fish-Summers t h r e s h o l d  p e n e t r a t i o n  
equat ion t h a t  i s  based on t h e  d a t a  of r e fe rences  11 and 1 2 :  

t / d  = 0 . 5 7 ( 1 / ~ )' /18 (pp/pT) 1/2v7/8d1/18 ( 8 )  

E j e c t a  momentum.- The measurements of e j e c t a  momentum a r e  p l o t t e d  versus  
impact v e l o c i t y  f o r  t h e  va r ious  t / d  i n  f i g u r e  7. These d a t a  are f i t t e d  by 
t h e  equat ion 

-I.oo 
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Figure 7.- Variation of ejecta momentum with 

impact velocity for various t/d ratios. 


c I 

t I d  

Figure 8.- Variation of c with t/d. 

where c i s ,  once again,  a func t ion  
o f  t / d  and v, i s  t h e  v e l o c i t y  a t  
which t h e  onset-of uprange mass e j e c ­
t i o n  occurs .  For impacts of i d e n t i c a l  
2017-T4 aluminum p r o j e c t i l e s  i n t o  
t h i c k  aluminum t a r g e t s ,  Denardo i n  ref­
erence 10 gives  vo equal t o  
0 .55  km/sec. 

Least-squares  values  of c y  
computed f o r  each t / d  i n  f i g u r e  7 
g r e a t e r  than 0.498, a r e  p l o t t e d  versus  
t / d  i n  f i g u r e  8 .  I t  i s  observed 
t h a t  c i s  double-valued f o r  t / d  of 
0.983 and 1.472. This  r e s u l t  i s  t h e  
consequence o f  t h e  f r o n t - s u r f a c e  s p a l l ­
a t i o n  t r a n s i t i o n  desc r ibed  e a r l i e r  and 
r e p r e s e n t s  t h e  t r a n s i t i o n  from impacts 
i n  t h e  Phase I 1  r eg ion  t o  impacts i n  
t h e  Phase I11 r e g i o n .  The photographs 
of t a r g e t s  w i th  and without  f r o n t -
s u r f a c e  s p a l l a t i o n  i n  f i g u r e  9 i l l u s ­
t r a t e  t h i s  phenomenon. The d i f f e r e n c e  
between t h e  two t a r g e t s  i s  obvious.  
The e j e c t a  momentum and, correspond­
i n g l y ,  t h e  t a r g e t  momentum a r e  
s t r o n g l y  dependent on whether t h e  
f r o n t  s u r f a c e  has  s p a l l e d .  The ta r ­
g e t s  and t h e i r  corresponding e j e c t a  
momenta were c o n s i s t e n t  i n  a l l  cases ,  
i n d i c a t i n g  t h a t  w i t h i n  t h e  v e l o c i t y  
range of t h e s e  t e s t s ,  t a r g e t s  w i th  
t / d  l e s s  t han  0.983 are i n  t h e  
"spal led" Phases I11 and I V  impact 
r e g i o n s ,  and t a r g e t s  w i th  t / d  
g r e a t e r  t han  1.472 a r e  i n  t h e  "no 
s p a l l "  Phase I and I1 impact r eg ions .  
Targets  w i th  t / d  o f  0.983 and 1.472 
encompass t h e  t r a n s i t i o n  r eg ion  
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t / d  

( a )  Front  s u r f a c e  n o t  s p a l l e d .  

(b) Front  s u r f a c e  spa1 l e d .  

Figure 9 . - I l l u s t r a t i o n  o f  t a r g e t  f r o n t  s u r f a c e  
s p a l l a t i o n  phenomenon f o r  t / d  = 1.472 and 
v = 7.50 km/ s e c .  

between Phases I1 and I11 and g ive  an 
s p a l l a t i o n  v e l o c i t y  vz ,  such t h a t  

0 .315 
0 .406 
0 .498 

.632 
v .736 
D .983 
a 1.472 

-.21 
- .3 1 I 1 I 

0 2 4 6 8 10 
Impact veloci ty,  v ,  km/sec 

Figure  1 0 . - Var i a t ion  o f  t a r g e t  momentum wi th  
impact v e l o c i t y  f o r  va r ious  t / d  r a t i o s .  

approximation f o r  t h e  f r o n t - s u r f a c e  

vz Ir 5 ( t / d )  (10) 

I t  may be n o t i c e d  t h a t  t h e  constant  i n  t h i s  equat ion i s  very n e a r l y  t h e  
s o n i c  v e l o c i t y  i n  aluminum. I t  seems reasonable  t h a t  s p a l l a t i o n  from t h e  
f r o n t  s u r f a c e  w i l l  be some func t ion  of t h e  s o n i c  v e l o c i t y ,  b u t  t h e  d a t a  of 
t hese  t e s t s  a r e  too  l i m i t e d  t o  determine t h i s  r e l a t i o n .  

In  f i g u r e  8,  t h e  f r o n t - s u r f a c e  spa11 curve has been e x t r a p o l a t e d  t o  t h e  
l a r g e r  t / d  of  t h i s  experiment, and correspondingly h ighe r  impact v e l o c i t i e s  
based upon t h e  e j e c t a  momentum d a t a  f o r  a t / d  of 1.472. Ve loc i ty  cu rves ,  
c a l c u l a t e d  from equat ion ( l o ) ,  r e p r e s e n t i n g  t h e  impact v e l o c i t y  a t  which 
f r o n t - s u r f a c e  s p a l l a t i o n  occurs and the  e j e c t a  momentum changes, a r e  a l s o  
p re sen ted .  The h o r i z o n t a l  dashed curve r e p r e s e n t s  t h e  va lue  of c t h a t  f i t s  
the  d a t a  p re sen ted  i n  r e fe rences  10 and 11 f o r  s e m i - i n f i n i t e l y  t h i c k  t a r g e t s .  
Values of c1, t h a t  i s ,  values  of c f o r  t a r g e t s  where t h e  f r o n t  s u r f a c e  has  
not  s p a l l e d ,  should approach t h i s  value i n  t h e  l i m i t  of  l a r g e  t / d .  

Target momentum.- Figure 10 p r e s e n t s  t h e  t a r g e t  momentum as  a f u n c t i o n  
of t h e  impact v e l o c i t y  f o r  t h e  d i f f e r e n t  t / d .  This f i g u r e  c l e a r l y  shows t h e  
t a r g e t  response f o r  t h e  va r ious  phases on impact.  For t / d  of 0 .983  and 
l e s s ,  t h e  t a r g e t  momentum is  zero o r  becomes zero wi th in  t h e  v e l o c i t y  range 
of t h e s e  t e s t s .  This denotes t h e  Phase I V  impact r eg ion .  Within t h i s  r eg ion ,  
t he  spray momentum is  given by equat ion ( 3 ) ,  

10 




(MV)S = mv + (MV)E 

S u b s t i t u t i n g  equat ion (9) i n t o  equat ion ( 3 )  g ives  

( M V ) ~= mv + cm(v - v 0 l 2  

w i t h i n  t h e  Phase I V  r eg ion .  

Summary of Momentum Data 

The va r ious  momentum equat ions used t o  c o r r e l a t e  t h e  d a t a  throughout 
t h e  fou r  impact phases ,  and t h e  t r a n s i t i o n  v e l o c i t i e s  f o r  each phase a r e  
summarized below. 

Phase I :  The t a r g e t  has  not  been p e r f o r a t e d  o r  s p a l l e d .  

(MV)S = 0 

(MV) E = mcl (V - v0) 

(MV)T = mv + m c l  (v - vo) 

where c l  i s  t h e  va lue  of c when t h e  f r o n t  s u r f a c e  has  not s p a l l e d  and i s  
a func t ion  of t / d  i n  f i g u r e  8. 

Phase 11: A t  vs, m a t e r i a l  i s  s p a l l e d  from t h e  rear o f  t h e  t a r g e t .  

V s ( a c t u a l )  = 1 . 8 0 ( t / d ) 7 / 8  

V S  = 2 . 0 8 ( t / d ) ' ~ ~ ~  

(MV) s = mk(v - vs) 

cMV) E = mcl (v - vo) 2 

(MV) T = mv + mcl (v - vo)2 - mk(v - vs) 

where k i s  a f u n c t i o n  of  t / d  i n  f i g u r e  5 .  

Phase 111: A t  vz ,  material is s p a l l e d  from t h e  f r o n t  s u r f a c e  of t h e  
t a r g e t ,  and t h e  va lue  o f  c changes from c l  t o  c 2  and is  a l s o  given as a 
func t ion  of t / d  i n  f i g u r e  8 .  

vz 3 S.O(t/d) 

(MV)S = mk(v - vs) 

11 




(MV)T = mv + mc2(v - vo)2  - mk(v - VS) 

Within t h i s  impact r e g i o n ,  t h e  t a r g e t  momentum g r a d u a l l y  approaches zero.  

Phase I V :  I n  t h i s  impact r eg ion ,  t h e  t a r g e t  momentum i s  zero,  and t h e  
impacts are i n  every sense  t h i n - t a r g e t  impacts .  

=( M V ) ~  mv + mc2(v - vOl2  

Target  Hole Formation and Mass Loss 

The average minimum ho le  diameter i n  t h e  t a r g e t s  is p resen ted  i n  
f i g u r e  11, where t h e  r a t i o  of t h e  ho le  d i ame te r  t o  t h e  p r o j e c t i l e  diameter ,  
D/d, is p l o t t e d  ve r sus  t h e  impact v e l o c i t y  f o r  t h e  d i f f e r e n t  t / d  i n v e s t i ­
ga t ed .  A l l  t h e  d a t a  f o r  t / d  l e s s  t han  0.983 and t h e  h ighe r  v e l o c i t y  
p o i n t s  of 0.983 a r e  f i t t e d  by the  family o f  curves  shown as s o l i d  l i n e s  and 
given by t h e  equat ion 

D/d = 1 . 4 7 ( t / d ) 0 - 4 5 v 1 / 2  

Equation (12)  r e p r e s e n t s  t h e  equ i l ib r ium h o l e  growth cond i t ion  f o r  t h i n  tar­
g e t s  impacted a t  high v e l o c i t i e s  where f r o n t  and rear s u r f a c e  e f f e c t s  are 
n e g l i g i b l e  and t h e  ho le  diameter i n c r e a s e s  p r i m a r i l y  as a r e s u l t  of t h e  
r a d i a l l y  expanding shock wave i n  t h e  t h i n  s h e e t .  Targets  with t / d  g r e a t e r  
than 0.983 s t i l l  experience t h e  s u r f a c e  e f f e c t s  c h a r a c t e r i s t i c  of t h i c k  tar­
g e t s  and have no t  a t t a i n e d  t h e  equ i l ib r ium cond i t ion  w i t h i n  t h i s  v e l o c i t y  
range. This reasoning i s  supported by t h e  f a c t  t h a t  only t a r g e t s  with t / d  
of 0.983 o r  l e s s  were i-n t h e  Phase I V  impact r eg ion  c h a r a c t e r i s t i c  of t r u l y  
t h i n - t a r g e t  impacts.  

Equation (12)  and t h e  hole-diameter  equa t ion  f o r  2024-T3 aluminum 
t a r g e t s  impacted by pyrex g l a s s  spheres  (eq.  ( 2 ) ,  i n  r e f .  4) d i f f e r  only by 
t h e i r  cons t an t .  Provided t h i s  change i n  c o n s t a n t s  r e s u l t s  from t h e  change i n  
p r o j e c t i l e  d e n s i t y ,  a p o s t u l a t e d  equat ion f o r  t h e  h o l e  diameter produced i n  
2024-T3 aluminum bumpers by ;he impact o f  s p h e r i c a l  p r o j e c t i l e s  (d i s r ega rd ing  
any p r o j e c t i l e  s i z e  e f f e c t s )  i s  given by 

D/d = 0 . 8 8 p p 1 / 2 ( t / d ) 0 * 4 5 ~ ’ / 2  

_ _ ~  ­-__­ ~ 

’Figures 11 and 1 2  show more d a t a  p o i n t s  t han  appear i n  previous momentum-
v e l o c i t y  p l o t s .  Target  ho le  diameter and mass-loss d a t a  were accrued on 
a number of t e s t s  when momentum r e s u l t s  were n o t  obtained:  during t h e  
development phase o f  t h e  pendulum design and l a t e r  when malfunction i n  
t h e  pendulum system occurred.  
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Figure 11.- Variation of hole diameter with Figure 12.- Variation of target mass loss  with 
impact velocity for various t/d ratios. impact velocity and t/d ratio. 

Measurements a l s o  were made o f  t h e  t a r g e t  mass l o s s .  Each t a r g e t  was 
weighed be fo re  and a f t e r  i t  was impacted, and t h e  mass l o s s  was determined t o  
an accuracy of 1 pe rcen t  o r  b e t t e r .  These d a t a  a r e  p re sen ted  i n  f i g u r e  1 2 ,  
where t h e  r a t i o  o f  t h e  t a r g e t  mass l o s s  t o  t h e  p r o j e c t i l e  mass, A M / m ,  i s  
p l o t t e d  versus  t h e  impact v e l o c i t y  squared f o r  va r ious  t / d .  The heavy b l ack  
curve i n  t h i s  f i g u r e  r e p r e s e n t s  t h e  t h i c k - t a r g e t  mass-loss d a t a  of r e fe rences  
10 and 11 given by 

AM/m = 0 .  130v2. 6  (14) 

The t h i n  t a r g e t s  t h a t  have n o t  s p a l l e d  o r  been p e r f o r a t e d  are shown as t h e  
f i l l e d  symbols and f i t  t h e  equat ion 

AM/m = 0 . 0 6 5 ~ ~ * ~  (151 

This equat ion i s  shown as t h e  dot-dash curve and f a l l s  below t h e  t h i c k - t a r g e t  
mass-loss curve.  One exp lana t ion  f o r  t h i s  r e s u l t  i s  t h a t  some of t h e  p ro jec ­
t i l e ' s  energy i s  used t o  deform t h e  t h i n  t a r g e t  and dimple i t s  rear s u r f a c e  
r a t h e r  t han  e j e c t  t a r g e t  mass. I t  i s  noted t h a t  t h e  mass l o s s  o f  an unspa l l ed  
t h i n  t a r g e t  i s  j u s t  h a l f  t h a t  of a t h i c k  t a r g e t  impacted a t  t h e  same v e l o c i t y .  
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The mass-loss d a t a  f o r  t / d  less t h a n  0.983 and t h e  h i g h e r  v e l o c i t y  
p o i n t s  f o r  0 .983 are f i t t e d  by t h e  equat ion 

AM/m = 4 . 1 ( t / d ) 2 v  (16) 

As i n  t h e  case o f  t h e  t a r g e t - h o l e  diameter d a t a ,  t a r g e t s  w i th  t / d  g r e a t e r  
than 0.983 have n o t  a t t a i n e d  t h e  h o l e  growth equ i l ib r ium cond i t ion  r ep resen ta ­
t i v e  of t r u l y  t h i n  t a r g e t s  w i t h i n  t h e  v e l o c i t y  range o f  t h e s e  t es t s .  

The mass l o s s  of ta r .ge ts  o f  a given t h i c k n e s s  can b e  ca t egor i zed  i n t o  
t h e  d i f f e r e n t  impact v e l o c i t y  phases i n  t h e  same manner as t h e  t a r g e t  
momentum response.  

Phase I :  A t  impact v e l o c i t i e s  l e s s  t han  t h e  s p a l l a t i o n  v e l o c i t y  vs ,
t a r g e t  mass l o s s  v a r i e s  according t o  equat ion (15) .  

Phase 11: A t  vs, t h e  t a r g e t  s p a l l s  and t h e  mass l o s s  i n c r e a s e s  
d rama t i ca l ly ;  as t h e  impact v e l o c i t y  i n c r e a s e s  above vs, t h e  t a r g e t  mass l o s s  
cont inues t o  i n c r e a s e  r a p i d l y .  

Phase 111: A t  v z ,  f r o n t - s u r f a c e  s p a l l a t i o n  occurs and t h e  t a r g e t  mass 
l o s s  i n c r e a s e s  ab rup t ly ;  t h i s  phenomenon i s  i l l u s t r a t e d  i n  f i g u r e  1 2  by t h e  
mass-loss d a t a  f o r  a t / d  r a t i o  o f  1.472 a t  an impact v e l o c i t y  of about 
7.5 km/sec. Within t h i s  impact phase,  t a r g e t  mass los s  i n c r e a s e s  slowly with 
i n c r e a s i n g  impact v e l o c i t y  s i n c e  t h e  t h i n - t a r g e t  equ i l ib r ium cond i t ion  i s  
be ing  approached. 

Phase I V :  The t h i n - t a r g e t  equ i l ib r ium cond i t ion  i s  e s t a b l i s h e d ,  and 
t a r g e t  mass l o s s  v a r i e s  according t o  equat ion (16) .  

Equation (16) i s  i d e n t i c a l  t o  equat ion ( 3 ) ,  r e f e r e n c e  4 ,  which 
desc r ibes  t h e  impact of pyrex g l a s s  spheres  i n t o  t h i n  2024-T3 aluminum t a r g e t s ,  
and i n d i c a t e s  t h a t  t a r g e t  mass l o s s  i s  independent o f  p r o j e c t i l e  densi ty ,  
Target mass los s  v a r i e s  with t h e  square of t h e  h o l e  diameter  times t h e  s h e e t  
t h i ckness  and t h e  p r o j e c t i l e  and t a r g e t  d e n s i t i e s  according t o  

S u b s t i t u t i n g  equat ion (13) i n t o  equat ion (17) y i e l d s  

Thus, t h e  fact  t h a t  t a r g e t  mass l o s s  does n o t  vary with p r o j e c t i l e  d e n s i t y  
tends t o  s u b s t a n t i a t e  t h e  t a r g e t  h o l e  diameter  dependence on t h e  one-half  
power of t h e  p r o j e c t i l e  d e n s i t y .  I t  i s  a l s o  ev iden t  t h a t  t h e  t a r g e t  h o l e  diam­
e t e r  and mass-loss d a t a  a r e  compatible with regard t o  t h e  impact v e l o c i t y  
exponent, b u t  t h a t  t h e  t a r g e t  mass l o s s  i s  in f luenced  by an a d d i t i o n a l  
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( t / d > l / l o  e f f e c t .  I t  i s  thought t h a t  t h i s  e f f e c t  i s  due t o  a d d i t i o n a l  mass 
contained i n  t h e  s p a l l e d  material t h a t  i s  no t  accounted f o r  by minimum h o l e  
diameter measurements. 

A m e s  Research Center 
Nat ional  Aeronautics and Space Adminis t ra t ion 

Moffet t  F i e l d ,  Ca l i f . ,  94035, J u l y  7,  1969 
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